Abstract: Modern distributed energy systems, which are used to provide an alternative to or an enhancement of traditional electric power systems, require small size highspeed rotor turbomachinery to be developed. The existing conventional oil-lubricated bearings reveal performance limits at high revolutions as far as stability and power loss of the bearing are concerned. Non-conventional, oil-free bearings lubricated with the machine working medium could be a remedy to this issue. This approach includes a correct design of the machine flow structure and an accurate selection of the bearing type. Chosen aspects of the theoretical and experimental investigations of oil-free bearings and supports; including magnetic, tilting pad, pressurized aerostatic and hydrostatic bearings as well as some applications of oil-free bearing technology for highspeed turbomachinery; are described in the paper.
Introduction
In modern distributed power generation dedicated to Combine Heat and Power systems (CHP), microturbines of a power output ranging between 1 and 100 kW and rotational speeds of approximately 15000-40000 rpm are applied. A small power system can be based on the Organic Rankine Cycle (ORC) with a low boiling working medium. In order to introduce this technology to common use, an optimal turbine design as well as a choice of the right bear- ing system from the viewpoint of machine reliability must be conducted. The existing conventional oil-lubricated bearings reveal performance limits at high revolutions, especially when stability of the bearing is taken into account. Furthermore, in order to maintain the purity of the cycle, we are searching for hermetic machines equipped with bearings lubricated with the working medium. Especially, in the ORC turbomachines propelled by a low-viscosity, organic working gas or liquid, an application of bearings lubricated with the working medium makes it possible to:
• increase the total efficiency of the machine by decreasing friction losses in the bearings and by eliminating the oil system and seals, • simplify the design of the shaft and to reduce its length, • maintain purity of the working medium.
The presented concept of small power turbomachines with their bearing system is related to these assumptions.
Bearing system selection
The first criterion for the right oil-free bearing system selection is load carrying capacity. For machines of the power range from 1 to 20 kW, we tend to use gas lubricated bearings. Beyond that power range, a liquid lubricated bearing system needs to be chosen.
Several criteria that should be taken into account while selecting an unconventional support system can be enumerated, namely:
• energy consumption, • stability of the lubricant, • viscosity of the lubricant (hence friction), • cleanliness, • manufacturing and maintenance.
In theoretical and experimental investigations of oil-free bearings and supports, including vapor bearings, liquid bearings and magnetic bearings technology, the dynamics of the rotor-bearing-casing system within the whole range of machine operation should be analyzed thoroughly.
Aerostatic bearing
A design of aerostatic (externally pressurized) jet fed journal bearings is shown in Fig. 1 [1] .
The bearing consists of a cylindrical bush into which two rows of gas feed holes spaced evenly around the bearing circumference are drilled. Compressed gas from an external source is supplied to the reservoir surrounding the bearing. The gas from the reservoir flows through the feed holes into a clearance between the shaft and the bush and then, axially, to the ends of the bearing, where it exhausts to atmosphere. When a load is applied to the shaft in the vertically downward direction, the shaft deflects in that direction, and thus the clearance at the top of the bearing is increased, whereas at the bottom it is reduced. There is now a difference in pressure across the shaft to balance the applied load.
A great advantage of aerostatic bearings is a relatively high load capacity and its correct operation even without rotation.
The main problem connected to the aerostatic bearing application is the additional energy needed to pressurize the supply pressure orifices spaced uniformly in the ranges of the bearing sleeve. From the viewpoint of energy consumption, one should analyze thoroughly the total mass flow of the incoming pressurized steam through the aerostatic bearing system. Especially as the bearing mass flow reduces the total mass flow of the turbine and, consequently, decreases the efficiency of the turbine.
Tilting pad bearing
A tilting pad bearing is an aerodynamic bearing, which means that there is no external pressurization involved [10] . Its design is shown in Fig. 2 [1] .
When the shaft is rotating, an aerodynamic film of low thickness is generated by viscosity effects [11, 12] . A significant aspect of this solution is a presence of movable nonrotating elements -tilting pads. The motion of tilting pads generates friction forces in the tilting shoe support and, thus, it can affect dramatically dynamic characteristics of the bearing.
Therefore, the calculation of dynamic properties of tilting pad bearings may be troublesome. According to the linear theory, for a constant rotational speed and a static force, these properties are usually represented by a set of eight coupled dynamic coefficients, linearized around the static equilibrium position [13] . This simplification is possible on an assumption of small displacements of the shaft center in the closest vicinity of the equilibrium position. It is necessary to limit the scale of the excitation forces in order to fulfill the basic condition of small displacements. Otherwise, the nonlinear modeling of dynamic properties of a variable geometry bearing, including design characteristics of the support and generated friction forces, has to be undertaken.
Magnetic bearing
A magnetic bearing is an active support, which is composed of two parts: an electronic controller and an electromagnetic actuator [2] . According to Fig. 3a , the actuator is based on electromagnets coils. The resultant force of electromagnets F XT is acting along the X axis, whereas the resultant force F YT is acting along the Y axis. The total re- In some turbines, the thrust force can achieve very significant values. In this case, an active magnetic thrust bearing can be applied [3] . Figure 3 shows a design of coils and iron cores of the radial and thrust magnetic bearing, respectively. A generation of the magnetic force by the active bearing is a complex issue. The control system has to measure the shaft position with a large enough sampling frequency. Apart from the control system design, it is vital to establish novel optimization procedures supporting the design of electromagnet geometry, core dimensions, a material selection of the bush and the journal as well as a modeling process of the journal-bush system.
Liquid lubricated hybrid bearing
The hybrid bearing developed for the project needs consists of five tilting pads with lubricant feed holes as shown in Fig. 4a, 4b . The working medium in the liquid phase is supplied from the high pressure point of the cycle into a pad and then, axially, to the ends of the bearing. A presence of tilting pads ensures a variable geometry of the bearing clearance and when the shaft is rotating, a hydrodynamic film of low thickness is generated by viscosity effects. When a load is applied to the shaft in the vertically downward direction, the shaft deflection in that direction causes a difference in pressure across the shaft to balance the applied load ( fig. 4c) .
Since the organic working medium is a low boiling viscid liquid, the advantage of the hybrid bearing is such that both hydrostatic and hydrodynamic effects are present. Even without rotation or at low rotational speeds, hydrostatic effects ensure the correct operation of the bearing. At high rotational speeds, hydrodynamic effects will maintain the stable work with reduced flow capacity, which will increase the total efficiency of the cycle.
Turbogenerator supported in aerostatic bearings
One of the basic problems connected to a practical application of a high-speed machine equipped with nonconventional gas or liquid lubricated bearings is the machine operational reliability under various working conditions [5, 7, 14] . This requires an adjustment of the machine design at the early stage of the investigations. The main factor of this adjustment connected to the oil-free technology specificity is the diminution in thrust and lateral loads of the bearings by a correct design of the turbine flow structure [4] . The four-stage turbine concept (2 radial centripetal and 2 radial centrifugal stages) presented in Fig. 5 makes it possible to balance the large thrust load related to the classical turbine operation. The machine working medium is an organic low boiling fluid, HFE 7100. We can distinguish three major components of the machine:
• a four-stage 3 kW turbine of the speed equal to 25 000 rpm, • a high-speed permanent magnet generator, • a gas (vapor) aerostatic bearing system lubricated with the machine working medium. The numerical model used for rotor-dynamic calculations is shown in Fig. 6 . At the operational speed, the rotating system is subcritical, and the critical speed for the aerostatic bearing system appears at about 35 000 rpm. It is worth noticing that the precessional mode is the so-called "rigid body mode" and the bearing stiffness and damping are decisive for the nature of the shaft dynamic response. In aerostatic journal bearings, antiswirl gas injections have been used, resulting in a stabilizing effect.
In Fig. 7 , two turbogenerator prototypes equipped with an aerostatic gas bearing system are shown. The cascade plot obtained during rotor dynamic tests (Fig. 8) confirms the excellent stability of the machines rotating system during the start-up and at the turbine nominal speed.
The main problem connected to the aerostatic bearing application is the additional energy needed to pressurize two ranges of supply pressure in the bearing sleeve [1] . The calculations show that the total mass flow of the incoming HFE 7100 steam through the bearing system is less than Figure 8 : Oil-free turbogenerator prototype test -a cascade plot illustrating the excellent stability of the machine rotating system at the start-up and at the nominal speed 
Turbogenerator supported in hybrid bearings
The aim of the project is to develop a hermetic high-speed turbogenerator of electric power equal to approx. 70 kW, working in a small CHP ORC cycle. The working fluid of the cycle is a siloxane MDM. Major parameters of the machine operating cycle are as follows:
• inlet pressure of the turbine: 7 bar at 230 ∘ C,
• outlet pressure of the turbine: 0.17 bar, • mass flow: 1.57 kg/s.
In Fig. 9 , a general design of the machine under consideration is shown. We can distinguish the following major components of the machine: Contrary to the small 3 kW turbine, gas bearings have been replaced with liquid lubricated (siloxane MDM) bearings in order to increase the load capacity in this concept. Furthermore, to eliminate a high moment of friction at the start-up and to improve the stability margin, tilting pads with a pressure supply system have been designed and built (Fig. 10a) , [6, 8, 9] . In order to support relatively large axial loads, an active magnetic thrust bearing is used (Fig. 10b) .
The experiment shows that the total volumetric flow of the incoming low viscosity siloxane MDM through a single hybrid bearing is about 8 lpm, when the supply pressure is less than 6 bar. According to Fig. 11 , these parameters are possible to attain using the chosen circulation pump, with the flow rate safety margin of 65% for the second bearing. However, the principal issue in the hybrid bearing safe operation is to avoid lubricant film discontinuity (cavitation or vapor ingestion) at a high rotational speed and a relatively high journal temperature. Furthermore, to eliminate a possible problem with the oil-free hybrid radial bearing operation, the second version of the hermetic high-speed turbogenerator of electric power equal to approx. 70 kW, is developed simultaneously. in Fig. 12 , a general design of the machine equipped with an active magnetic bearing system is shown. We can distinguish the following components of this version of the machine:
• a one-stage 70 kW radial turbine of the nominal speed equal to 20 000 rpm, • a high-speed permanent magnet generator, • an active radial magnetic bearing system (Fig. 12a ), • two active thrust magnetic bearings (Fig. 12b) .
The substitution of oil-free hybrid radial bearings by active magnetic radial bearings is anticipated in the machine design and does not require any important mechanical modifications of the turbogenerator under consideration.
Discussion
The present paper is a trial to show the major problems connected to the design of the reliable high-speed oilfree hermetic turbogenerator equipped with an unconventional bearing system to produce electricity in the range from a few to 100 kW and dedicated for an ORC of the CHP system. One of the basic problems connected to a practical application of non-conventional bearings to high-speed rotors is the machine operational reliability under various working conditions. To improve the reliability of such solutions, an adjustment of the machine design at the early stage of the investigations is required. The main factors of this adjustment are as follows:
• possible diminution in static and dynamic loads of the bearings by a correct design of the machine flow structure, • correct selection of the bearing type, taking into consideration the factors and phenomena normally not included in the classical methodology of bearing calculations.
